We present an efficient methodology for setting up MEMS macromodels which are based on a physical device description and lead to tractable mathematical relations for the device operation. Since design and technology parameters are input parameters of the resulting model, our approach is in particular suited for design studies. In addition to the reduction in degrees of freedom and, hence, the reduced simulation time, macromodels can easily be coupled with the electronic circuitry and the entire device can be simulated on system level. The methodology is demonstrated with reference to an electrostatic torsional actuator.
Introduction
A systematic methodology of formulating transparent compact models is, among others, provided by a thermodynamic system description in terms of driving forces and resulting flows of the relevant physical quantities [I] . This leads to a full system description as a "Generalized Kirchhoffian Network". This, in turn, is equivalent to a system of ordinary differential-algebraic equations for the node variables which can be solved using a standard analog network simulator. We demonstrate the practicality of the latter method by an exemplifying problem, I ), which is a widely used basic structure employed in tiltable micromirrors [2] or microswitches [3] . Electrostatic actuation is especially favoured for switching applications in telecommunication because of its low power consumption.
Torsional Actnator
The torsional actuator is considered to be a tiltab\e, rigid body. Hence, the only degree of freedom is the angle of torsion <po Neglecting fringing fields at the edges of the actuator, the total torque M acting on the upper electrode results in [5]:
(I) Here £ denotes the electric permittivity, U the applied voltage, Land w the length and the width of the actuation electrode, and D the gap between the electrodes. y is the normalized angle of torsion. The total torque is composed of the electrostatic torque (eq. 1), the mechanical torque exerted by the tethers by which the tiltable electrode is suspended, and the torque induced by the inertia and the damping of the actuator. In the notation of Kirchhoffian Network variables, the quantity conjugate to the generalized force ("across") variable d<p/dt (angular velocity of torsion) is the torque M which plays the role ofthe generalized flow ("through") quantity . Performing a DC analysis allows to compute the pull-in hysteresis of the actuator. Below the static pull-in voltage Vpi exists an equilibrium between the nonlinear electrostatic torque and the restoring mechanical torque of the tethers. A compari-
